Abstract-We present a new design approach for the 90°direc-tional coupler with very low amplitude imbalance. The primary feature of this quadrature coupler is the introduction of a controllable ripple in the operational band for achieving a better overall amplitude balance. This design concept is demonstrated through a 90°branch-line hybrid for the 4-7.9 GHz band (65% fractional bandwidth) using microstrip transmission lines. Our simulations indicate that the amplitude imbalance of the designed hybrid is better than 0.3 dB over the most of the 4-7.9 GHz band with a phase imbalance better than ±8.5°. Experimental verification of the hybrid shows excellent agreement with simulations.
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I. INTRODUCTION

D
IRECTIONAL couplers have been studied since the 1940s, resulting in a variety of design techniques for both waveguide and substrate-based components. The 3-dB coupler, also commonly referred to as a hybrid, is a special case of the directional coupler that provides equal power division/combination and 90°or 180°phase difference between the outputs depending on the design topology. The 3-dB coupler is one of the basic circuit components for balanced amplifiers [1] , sideband separating (2SB) mixers [2] , array antennas, filters, and so on. There are many design topologies of the substrate-based hybrids with diverse fabrication complexity that offer improved hybrid performance [3] , [4] .
Nonetheless, the 90°branch-line hybrids (BLHs) remain a pertinent research topic even today due to their simplicity and ease of fabrication [5] .
The standard BLH has a relatively narrow fractional bandwidth (FBW) of approximately 20% for an amplitude imbalance of 0.5 dB, which is a major limitation of the coupler. Multisection techniques have been suggested in order to increase the bandwidth of the coupler [6] . The required branch impedance rapidly increases with every additional branch, which limits the multisection branch line coupler to 4-5 branches, and therefore, the FBW of the BHL [6] , depending on the dielectric constant, the thickness of the substrate and the used fabrication technique. There are a variety of designs apart from the multisection technique that offer increased bandwidth characteristics of the BLH [7] - [9] . However, the performance of the wideband BLHs varies substantially from one design to another. Typically, these designs have adequate isolation and return loss (RL), whereas the amplitude imbalance is often larger than 1-2 dB. Furthermore, the FBW of these designs would be substantially reduced when compared with the wideband designs with small amplitude imbalance.
A typical design condition of the BLH is a maximum isolation [10] . Similar to [11] , the work presented here allows very small amplitude imbalance at the cost of some degradation of the isolation, RL, and phase difference. This is achieved by loosening the condition for maximum isolation and modifying the hybrid such that interleaved ripples within the operating frequency band are introduced into the through and coupled signals, thus yielding minimum amplitude imbalance. Such a component would likely to be used in balanced topologies, e.g., 2SB mixers used in radio astronomy, where the symmetry of the component is more important than absolute matching at each port.
The hybrid design allows performance similar to the more complex designs [1] , [6] , [7] , i.e., substantially larger bandwidth than the corresponding single section design. However, the design presented here is planar using microstrip transmission lines, which makes it easier to integrate with other components. Furthermore, the design is also more reliable and cheaper to produce than the more complex designs.
II. HYBRID DESIGN
A. Design of the Modified Branch-Line Hybrid
In order to generate ripples in the operation band, the condition for perfect isolation needs to be relaxed. This means that small reflections inside the hybrid need to be deliberately created. However, imposing the condition that the reciprocity of the four-port network must be preserved suggests that the mismatch needs to be symmetrically located within the hybrid layout of any odd number of sections.
There are different arrangements of the BLH that could satisfy the above-mentioned conditions, for example, a four branch BLH layout (see Fig. 1 ) similar to [6] could be used. However, for the intended design goals, the design values provided in [6] cannot be used, since they provide amplitude imbalance of 0.86 dB with no ripple within the operating frequency band.
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Unlike [6] , the proposed design intends to minimize the amplitude imbalance over a large FBW by sacrificing isolation in exchange for interleaved ripples of the coupled and through signals. This design approach not only reduces the amplitude imbalance substantially, but it also substantially lowers the amplitude imbalance at the center frequency. The performance enhancement comes at the cost of slightly degraded phase imbalance. Similarly, the impedance mismatch between the center section and the adjacent sections deteriorates the RL and isolation as shown [12] .
For the design layout presented in Fig. 1 , generating ripples in the passband obviously requires that the impedance, Z 4 , should be lower than Z 3 . Since the multisection hybrid consists of several subnetworks with different couplings [3] , the three section BLH can thought of approximately as two 8.34 dB (Z 1 = Z 2 for each 8.34 coupler) cascaded with a quarter-wavelength interconnecting transmission line with characteristic impedance Z 4 (Z 4 = Z 3 in the case of two 8.34-dB couplers). Furthermore, the characteristic impedance of a coupler with perfect isolation could be found by employing the even and odd mode analysis technique [10] , where the ABCD matrix parameters B are equalized, i.e., B = C. In this case, the characteristic impedances Z 1 (Z 2 = Z 1 in Fig. 1 ) and Z 3 are given by
(1)
where C is the coupling in dB. The design of the proposed hybrid can be carried out through, e.g., an iterative process. The first step is to calculate the characteristic impedance of the 8.34-dB coupler sections, and the second step is to tune the characteristic impedance of the interconnecting transmission lines in order to generate small reflections and thus controllable ripples in the passband. The overall coupling is then fine-tuned by slightly adjusting the impedance of the coupler itself, i.e., adjusting the characteristic impedances Z 1 and Z 3 until the desired amplitude and phase imbalance characteristics versus tradeoffs are reached (isolation and RL). Furthermore, the greater the characteristic impedance mismatch between Z 4 and Z 3 becomes (Z 4 < Z 3 ), the larger the ripple amplitude becomes and thus increasing the bandwidth of the hybrid. However, the gain in bandwidth comes at the cost of further impedance mismatch and degradation of the phase imbalance [12] .
B. Implementation for the 4-7.9 GHz Operation Band
The iterative process was carried out in the Keysight ADS [13] circuit simulator. The design was later simulated in the ADS Momentum as a final check. The design values of the proposed hybrid are obtained for a 20-mil-thick alumina substrate covering an FBW of 65%, i.e., 4-7.9 GHz with the maximum amplitude imbalance, phase difference, and RL/isolation of 0.3 dB, 90 ± 8.5°, and 12 dB, respectively.
According to the Keysight ADS circuit simulator, the directivity for this specific FBW is approximately 9 dB. However, simulations show that the directivity for an FBW of 55% is better than 10 dB. In this case, the phase imbalance improves as well. The RL and isolation of this design approach is comparable (if not slightly higher) to [7] for an FBW of 40%, whereas the amplitude imbalance and the phase imbalance are better than 0.1 dB and ±4°, respectively, the design values are summarized in Table I . The design values of the demonstrator (65% FBW) BLH impedances, microstrip line widths, and lengths are tabulated in Table II , whereas some of the performance characteristics are tabulated in Table III . The hybrid was fabricated using one lithography step, the microstrip lines and the back side of the alumina chip were gold-plated with approximately 4-μ m-thick gold.
III. MEASUREMENTS
The hybrid was measured with a four-port vector network analyzer (VNA). The VNA was calibrated with a four-port unknown, open-circuit, short-circuit, and matched standards. Figs. 3 and 4 show the simulated and measured performance of the proposed hybrid. It can be seen from Fig. 3 that the coupling of the measured hybrid is slightly lower as compared with the simulated coupling. Consequently, the amplitude imbalance of the simulated hybrid is 0.1 dB (0.2 dB at the center frequency) larger as compared with the measured amplitude imbalance and the bandwidth of the fabricated hybrid is somewhat narrower.
We would like to note that this very small difference could be as well due to the transitions from microstrip-to-coaxial line and the SMA connectors themselves, which were not included in the simulations. Still, the measured performance shows excellent agreement with the simulated performance and demonstrates amplitude imbalance better than 0.3 dB over most of the band and phase difference better than 90°± 8.5°. The isolation and RL are better than 12 dB. The measured fractional bandwidth is approximately 65%.
The performance characteristics of the hybrid presented here are compared with other wideband BLHs in Table III . The novel planar design approach presented here shows very large bandwidth and at the same time, very small amplitude imbalance with adequate isolation and RL values. The performance characteristics of the presented hybrid are superior to the designs presented in Table III given the bandwidth and amplitude imbalance.
From Table III , it can be seen that the performance that could be obtained with the design approach presented here is similar or better than the other designs in Table III . Specifically, the presented design is much better than [5] in terms of amplitude and phase imbalance and size, but also in terms of RL, isolation, and directivity. Furthermore, the suggested design for 40% FBW is similar to [7] in performance, but a half wavelength smaller (see Table III ).
IV. CONCLUSION
We present a new design approach for the 90°planar hybrid and its implementation. The primary feature of this quadrature hybrid is the introduction of a controllable ripple in the operational band for achieving a better overall amplitude imbalance. This design concept is verified by the implementation of a 90°h ybrid for the 4-7.9 GHz band using microstrip transmission lines. Our simulations indicate that the amplitude imbalance of the designed hybrid is better than 0.3 dB over the most of the 4-7.9 GHz band with a phase imbalance better than ±8.5°. Experimental verification of the hybrid shows excellent agreement with simulations.
